Abstract-A compact quadrature hybrid coupler with harmonic suppression using lumped-element band-stop resonator is proposed for bandwidth improvement. Conventionally, harmonic rejection is realized by three band-stop resonators in lumped hybrids. The using of three band-stop resonators realizes better harmonic suppression while exhibiting narrower frequency response. So as to improve operation bandwidth behavior, the number of band-stop resonator applied in the proposed topology is minimized to one. Trading off with acceptable reduction in harmonic rejection, the proposed hybrid enlarges working bandwidth with fewer numbers of lumped devices. Detailed design and theoretical analysis are presented and the expressions of lumped elements with dependence of rejected frequency are obtained. To validate the analysis, three 2.45 GHz couplers are fabricated on an FR-4 printed circuit board. The experimental results exhibit 27.3%, 26.9% and 23.3% operation bandwidth with better than 16 dB, 17 dB, and 21 dB harmonic suppressions at 4.9 GHz, 6.1 GHz, and 7.35 GHz, respectively. Less than 0.8 dB amplitude imbalance and 2 • phase error are achieved for all the three couplers, which are matched well with theoretical analysis.
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INTRODUCTION
Hybrid 90 • couplers are key components to divide or combine signals with a proper phase difference which are widely implemented in radio frequency (RF) devices, such as power amplifiers, mixers, and antenna systems [1] [2] [3] [4] . As couplers are generally designed based on the electrical length of a desired fundamental signal, higher order harmonic signals from those nonlinear devices will degrade the quantity of the desired signal. To suppress those unwanted harmonic signals, external low-pass filters are needed [5, 6] . However, such filters increase circuit size and insertion loss. Besides, as RF wireless systems evolve, independently developed standards, such as long-term evolution (LTE), wireless local area network (WLAN) and mobile world wide interoperability for microwave access (m-WiMAX), increase the number of frequency bands and spectrum fragmentation. Hence, quadrature hybrid couplers for such systems need multimode multiband (MMMB) capability to cover a number of functions, which demands couplers of broader operation frequency range.
Recently, several design techniques have been reported for size reduction and harmonic suppression, such as rat-race couplers with defected ground structure (DGS) and micro-strip resonant cells [7] [8] [9] [10] [11] and branch-line couplers using slow-wave structure [12] [13] [14] . Wireless communication systems usually require smaller device size in order to meet circuit miniaturization and cost reduction. In lower RF range, although reduction techniques such as multilayer architecture have been utilized, couplers mentioned above still remain too large. Besides, couplers with such complicated structures encounter assembling problems. For instance, couplers with DGS need backside ground apertures that result in unwanted backside radiation [9] .
Therefore, in terms of application where circuit size reduction is required, lumped-element devices occupy merely small area is highly attractive. Over the past years, several lumped-element couplers have been reported [15] [16] [17] [18] . However, their interests are mainly concentrated on the size reduction. Recently, a lumped-element coupler using band-stop resonators to realize harmonic suppression has been reported [19] , where three band-stop resonators are used. However, due to introducing of three band-stop resonators, the bandwidth is narrowed. Besides, when the rejection frequency is closer to the operation frequency, the bandwidth would degrade.
In this work, a novel 90 • hybrid coupler with low-pass and high-pass lumped-elements supporting MMMB for m-WiMAX (IEEE 802.16e)/WLAN (IEEE 802.11b/g/n) is proposed. Compared with [19] , the only adoption of center band-stop resonator improves bandwidth behavior while maintaining good harmonic rejection. The about 25% bandwidth supports different bands such as 2.3 GHz (IEEE 802.16e), 2.4 GHz (IEEE 802.11b/g/n), and 2.5-2.7 GHz (IEEE 802.16e). Section 2 gives the theoretical analysis of the coupler based on even-and odd-mode theory. Section 3 describes the experimental results. Conclusions are drawn in Section 4.
ARCHITECTURE ANALYSIS
The proposed quadrature coupler with harmonic suppression is shown in Fig. 1 . The adoption of band-stop resonator (composed by L r and C r ) at the center of the topology is for harmonic suppression. Unlike [19] , in this topology the number of band-stop resonator is reduced to one to improve working bandwidth. Besides, the number of devices employed in this topology is decreased for size and cost reduction. Overall topology of the proposed hybrid is symmetrical to the vertical center plane. The even-odd decomposition method [20] is [20] .
In the odd-mode circuit, the cross branch are divided in half by the virtual short circuit at the center. The ABCD matrix is expressed by
where
, Z L = jωL and Z C = 1/jωC are the equivalent impedance of the resonator, inductor L and capacitor C, respectively. In the even-mode half circuit, the cross branch can be divided in half by the virtual open circuit (O/C) at the center. The ABCD matrix is expressed as follow:
The relationship of scattering matrix and ABCD matrix is obtained by [21] :
where ∆ = A + B/Z 0 + CZ 0 + D, and Z 0 is the port impedance in the system. As a reciprocal symmetrical network, S ik = S ki and det[ABCD] = 1 can be identified [22] . So
The scattering matrices of the odd-and even-mode are illustrated as
where S 11 , S 22 , ∆ odd and ∆ even are written as:
The scattering parameters (S-parameters) of the hybrid are given by
At the operation frequency ω 0 , with (3), the following equation is obtained:
To satisfy (7), the ratio of (Z C /Z R ) equals to −1, which is a unique solution at the frequency ω 0 . Besides, if the band-stop resonator's resonant frequency is defined to be ω r , the relationship between ω r and ω 0 can be obtained as
where k is the ratio of (ω r /ω 0 ). When the conditions of L = Z 0 /ω 0 and C = 1/(ω 0 Z 0 ) are set [15] , S 11 = S 41 = 0 is proven at the frequency ω 0 . L, L r , C, and C r are:
Thus, the Equations 6(b) and (c) are
From the above expressions, it is evident that at the center frequency ω 0 the hybrid is matched and has perfect isolation. The power that exited at port 1 is delivered identically to ports 2 and 3 with a quadrature phase difference. The theoretical hybrid scattering matrix at the frequency ω 0 is obtained by
The relationship of unwanted harmonic frequency and ω 0 can be defined as ω h = nω 0 , where ω h is the unwanted harmonic frequency and n the rejected harmonic index. For perfect power rejection at frequency nω 0 , the transmission coefficients from port 1 to ports 2 and 3 need to be zero, which is written as follow S 21 = S 31 = 0 (11) Substitute S 21 and S 31 by (6b) and (6c), ∆ odd = ∆ even is derived at frequency nω 0 to satisfy (11) . Then the following equation is derived as
An approximate equation based on (12) can be expressed as
The solution to (12) is
then L r and C r can be written as
So the band-stop resonator used in the proposed topology can be selected using (15a) and (15b) to achieve transmission stop at nω 0 . Thus, S 21 and S 31 of the coupler at frequency nω 0 are given by
According to (16) , the theoretical out-of-band harmonic suppression is plotted in Fig. 3(a) . The harmonic rejection performance improves when the harmonic index, n, increases. When n is bigger than 2.3, theoretically the coupler provides over 20 dB harmonic rejection. Over 30 dB harmonic rejection is achieved when n is bigger than 3. Theoretical normalized frequency dependence of the Sparameters for the coupler with n = 2, 2.5 and 3, respectively, are shown in Figs. 3(b) , (c) and (d). When n = 2, 2.5 and 3, the coupler exhibits theoretical operation bandwidth of 25.3% (0.971-1.224), 26.5% (0.959-1.224), and 24.9% (0.943-1.192), respectively. Less than 4 dB insertion loss (IL) and better than 10 dB, 13 dB and 15 dB return loss are achieved within the operation bandwidth, respectively, for n = 2, 2.5 and 3. The amplitude imbalance (AI) and phase difference (PD) between ports 2 and 3 are illustrated in Figs. 3(e) and (f). Less than 1 dB AI and less than 5 • PD are achieved with n = 2, 2.5 and 3, while the harmonic rejection are better than 16 dB, 22 dB and 27 dB, respectively. As shown in Fig. 3 , in contrast to [19] , the AI and PD of the proposed couplers are improved. Besides, the below −20 dB return loss and isolation of the proposed couplers remain similar with [19] . However, at the upper side operation band, the performance degrades if the rejected harmonic frequency is close to the operational frequency. As tabulated in Table 1 , although not as good as [19] in rejection behavior, the proposed topology provides wider operation bandwidth while with acceptable harmonic rejection. Besides, the fewer number of lumped devices reduce the size and cost.
IMPLEMENTATION OF LUMPED-ELEMENT QUADRATURE COUPLER
A low-cost FR-4 printed circuit board with a dielectric constant of 4.5 and thickness of 0.8 mm was employed to validate analytical results, where the surface mounted devices (SMD) of the lumped inductors and capacitors are adopted. Three lumped quadrature couplers with n = 2, 2.5 and 3 were fabricated. The values of the passive lumped elements L, L r , C, and C r are 3.3 nH/1.2 nH/1.3 pF/2.2 pF, 3.3 nH/1.9 nH/1.3 pF/1 pF, and 3.3 nH/2.3 nH/1.3 pF/0.6 pF for n = 2, 2.5 and 3, respectively. The couplers with harmonic suppression are implemented at 2.45 GHz. Photographs of the fabricated circuits are featured in Fig. 4 . The overall dimension of the core circuit is only 2 mm × 2.2 mm for each hybrid coupler. An Agilent PNA N5245A four-port network analyzer was used to obtain measurements of the couplers.
The measured results and theoretical simulated results of Sparameters for n = 2, 2.5 and 3 are demonstrated in Fig. 5 , where measured results are in good agreement with theoretical analysis. The measured performance of AI and PD between the direct port and the coupled port are illustrated in Fig. 6 with different harmonic rejection (n = 2, 2.5 and 3). The measured IL with different n are also plotted in Fig. 6 . When n = 2, the coupler has a 27.3% operation bandwidth ranging from 2.4 GHz to 3.06 GHz. As shown in Fig. 6(b) , within the operation bandwidth the IL is 3.8 ± 0.4 dB, while a better than 12 dB return loss and a better than 10 dB isolation are observed. At the center frequency of 2.45 GHz, the measured return loss and isolation are 22 dB and 19 dB, respectively. As featured in Fig. 6(a) , the measured AI between the direct port and the coupled port is less than 0.5 dB with a 90 • ±2 • PD. Furthermore, as illustrated in Fig. 5(a) , the coupler exhibits a 16 dB second harmonic suppression at 4.9 GHz. The better than 14 dB rejection is from 4.7 GHz to 5.2 GHz.
When n = 2.5, the coupler possesses a 26.9% operation bandwidth ranging from 2.3 GHz to 2.95 GHz. As indicated in Fig. 6(d) , within the bandwidth the IL is 3.7 ± 0.5 dB, while a better than 15 dB return loss and a better than 14 dB isolation are obtained. At the center frequency, the measured return loss and isolation are 25 dB and 23 dB, respectively. As featured in Fig. 6(c) , the measured AI between the direct port and the coupled port is less than 0.6 dB with a 90 PD. Besides, as illustrated in Fig. 5(b) , the coupler exhibit 16 dB and 17 dB harmonic suppression in the direct port and the coupled port at 6.1 GHz, respectively. The better than 15 dB rejection is from 5.3 GHz to 6.3 GHz. When n = 3, the coupler exhibits a 24.1% operation bandwidth from 2.28 GHz to 2.86 GHz. As featured in Fig. 6(f) , the IL is 3.7 ± 0.4 dB, while a better than 15 dB return loss and a better than 14 dB isolation are achieved. The measured return loss and isolation are 29 dB and 22 dB at 2.45 GHz, respectively. The measured AI between the direct port and the coupled port is less than 0.8 dB with a 90 • ± 2 • PD, which are featured in Fig. 6(e) . Furthermore, as illustrated in Fig. 5(c) , the coupler exhibits 30 dB and 21 dB third harmonic suppressions in the direct port and the coupled port at 7.3 GHz, respectively. The better than 15 dB rejection is from 6.3 GHz to 8.4 GHz.
These measured results illustrate that the proposed coupler achieves good operation performance with sufficient out-band rejection. Furthermore, the measured results validate the analytical solutions in a good agreement. However, IL degrades when compared to the theoretical analysis, which may because of the parasitic effects and component diversions of the SMDs. For better understanding, a ±5% tolerance in each component is included, which is reasonable in common SMDs. The statistical simulated results of S 21 and S 31 are illustrated in Fig. 7 , which shows approximate ±0.3 dB variations in S 21 and S 31 around the operation frequency. Considering these statistical variations, the measured results are within an acceptable variation range. It features a reasonable deviation between theoretical and measured results. Table 2 tabulates the comparisons between this work and previous published reports. As listed in Table 2 , in contrast with rat-race or branch-line couplers, this compact topology provides harmonic rejection with significant size and cost reduction. What's more, with similar in-band performance such as IL, return loss, and PD, compared to previous reports, this topology exhibits wider operation frequency range.
CONCLUSION
A compact quadrature hybrid coupler with harmonic suppression using lumped-element band-stop resonator is presented. In order to improve the operation bandwidth while with sufficient harmonic rejection, in the proposed topology the number of band-stop resonator is minimized to one. Besides, compared to rat-race or branch-line couplers, this topology provides harmonic rejection with significant size and cost reduction. Detailed design and theoretical analysis are presented for the proposed coupler and the expressions of lumped elements are obtained. Promising agreements between experimental results and theoretical analysis are achieved. In contrast to other lumped-element couplers with harmonic rejection, the proposed topology exhibits wider operation frequency which can be applied in MMMB system for mWiMAX (IEEE 802.16e)/WLAN (IEEE 802.11b/g/n).
